Abstract The radioactivity of 90 Sr and 137 Cs in environmental samples, bark and leaf, collected around the Fukushima Daiichi Nuclear Power Plant in May 2013 was determined with the aim of investigating the migration of both nuclides using their radioactivity ratio. The radioactivity of 90 Sr was determined by using Cherenkov counting of 90 Y after purification using Sr resin and that of Cs was determined by c-spectrometry. Quench correction in Cherenkov counting was investigated by measurements of samples spiked with purified 90 Y revealed that the radioactivity could be evaluated without quench correction. The radioactivity ratio of 90 Sr to 137 Cs in bark samples of 4.2 9 10 -3 and 1.2 9 10 -2 was compared with the results from soil samples collected in July 2011 to show that the migration of 90 Sr was slower than 137 Cs in bark and tree.
Introduction
The accident at the Fukushima Daiichi Nuclear Power Plant led to the release of a large amount of various radioactive materials, which migrated through the atmosphere, hydrosphere, and biosphere and a part of which were chemically and physically trapped in the environment. Among the radioactive nuclides released as a result of the Fukushima accident, the environmental contamination from radioiodine and radiocesium has been wellstudied previously [1] [2] [3] [4] [5] [6] ; these studies have reported that radioiodine spread globally while radiocesium was mainly deposited in East Japan and released into the Pacific Ocean. Radioactive strontium, not well-studied in the wake of the Fukushima accident, is still important to investigate for its migration into vegetation and accumulation in foodstuff in terms of internal exposure. 89 Sr and 90 Sr, unlike 137 Cs and 131 I, are pure beta emitter nuclides, and their radioactive measurements should be conducted after the purification of strontium from the sample matrix. Methods for purification include the use of a specific resin [7] [8] [9] [10] [11] , solvent extraction [12] , and anion exchange resin [13, 14] . Radioactivity levels are then often determined using a gas flow proportional counter [7, 8, 11, 15, 16] and a liquid scintillation counter that employs scintillation fluid [10, [17] [18] [19] [20] [21] or Cherenkov radiation [13, 14, 22] . Methods that utilize Cherenkov radiation are generally more practical because the sample solution can be measured without mixing extra fluids, which prevents the recovery of the strontium fraction.
We determined the radioactivity of 90 Sr and 137 Cs in vegetation samples collected in the vicinity of the Fukushima Daiichi Nuclear Power Plant, where agricultural activities are prohibited due to high-level radioactive contamination. Thus, we collected bark and leaf samples instead of agricultural samples and investigated the migration of both nuclides in bark and tree in comparison to the radioactivity of soil samples [23] . In order to validate the Cherenkov counting for the determination of 90 Sr, we evaluated the extent of the quench effect by measuring and comparing the samples with and without the spike of 90 Y solution.
Materials and methods
We collected vegetation samples around the Fukushima Daiichi Nuclear Power Plant from 25 to 28 May 2013. Bark and fresh leaves from Cryptomeria japonica and fresh leaves from Artemisia indica var. maximowiczii were collected from plants 3 km north of the power plant's Unit No. 1, and bark from Metasequoia glyptostroboides was collected from plants 2 km south of the unit. Air dose rates at 1 m height were measured at 1 and 30 lSv/h from the north and south locations, respectively. The vegetation samples were washed with distilled water under an ultrasonic wave to remove soil particles from the surface of the vegetation samples. The wet samples and the resulting suspended solution were dried at approximately 100°C, packed in plastic bags and bottles, and stored in a desiccator before further treatment. An aliquot of each vegetation sample (2.5 g dry weight) was placed in a quartz test tube and incinerated at 600°C in a tubular furnace. The ashed samples were then dissolved in hot concentrated nitric acid, fumed to dryness, dissolved in 0.1 M HNO 3 , and centrifuged into separate supernatants. The resulting solution for each sample was treated with cation exchange resin Dowex 50WX8 (100-200 mesh), Eichrom UTEVA-resin (100-150 lm), and Eichrom Sr resin (100-150 lm) to purify the strontium fraction [24] . The strontium fraction, contained in the supernatant solution in 50 mL of 0.1 M HNO 3 , was loaded into 4 mL of cation exchange resin and recovered with 20 mL of 8 M HNO 3 following a resin wash with 0.1 M HNO 3 . The recovered strontium was then injected into a column filled with 1 mL of UTEVA resin to remove uranium and plutonium. The strontium fraction eluted into the first effluent was fumed to dryness and prepared to 10 mL of 3 M HNO 3 solution. This solution was injected into a column filled with 1 mL of Sr resin, resin washed with 5 mL of 3 M HNO 3 , and treated with 20 mL of 0.05 M HNO 3 to recover the strontium fraction. Finally, for each sample, the radioactivity levels of 90 Sr and 90 Y in the purified strontium solution were measured by Cherenkov counting and the recovery of strontium throughout the purification was evaluated using an inductively coupled plasma quadrupole mass spectrometry (ICP-QMS, HP-4500, Yokogawa).
The Cherenkov radiation from an aliquot of the purified strontium solution (10 mL) was measured with a liquid scintillation analyzer (Tri-Carb 2700 TR, Packard), with Milli-Q water used to obtain the background value. The radioactivity of 137 Cs, which accounted for dominant levels of radioactivity in the samples collected around the Fukushima Daiichi Nuclear Power Plant, was measured by cspectrometry (a coaxial-type Ge detector, Canberra [25, 26] .
The calibration of the Cherenkov counting, the evaluation of its coefficient, and the correction of quenching in the counting were conducted using 134 Cs generated at the Kyoto University Research Reactor (KUR) [27] Y from the standard solution was conducted by using the Sr resin method, as described above, and the radioactive purity of both fractions were 99.9 %.
Calculations
We quantified levels of 90 Sr using the radioactivity of its daughter nuclide, 90 Y, which required long periods of time for measuring low-level samples. The change in 90 Y radioactivity during measurements must be accounted for in this process because of its relatively short half-life, and corrections for decay and growth are described in detail below. The radioactivity levels of environmental samples due to 90 Sr were calculated using regression analysis, with the 90 Y and 90 Sr measurement coefficient. When radioactivity changes during measurements, the counting rate C [e.g., count per minute (CPM)] can be expressed according to the following equation:
where t d is counting time, t 1 is the start time of counting, e i and A i are the measurement coefficient and the radioactivity, respectively, of nuclide i (i.e., i = 
This equation combined with Eq. (3), yields the following:
and X ¼ 1 À e Àk YÀ90 t 1 1Àe
, and X is the 90 Y saturation ratio corrected for growth during the measurement time (corrected equilibrium fraction). We conducted a regression analysis to determine the initial radioactivity of 90 Sr. Eq. (6) is transformed by taking the log of both sides to yield the following equation: 
where B = P e i A i with i = 90 Sr, 134 Cs, 137 Cs, 40 K, etc., and Bis regarded as a constant value. After the purification of strontium, the increase in net CPM with the corrected equilibrium fraction is applied to regression analysis to yield the value of e YÀ90 A 0 SrÀ90 as the slope. Then, the value of A 0 SrÀ90 , the concentration of 90 Sr in the purified solution, can be determined.
Results and discussion
In this study, we used Cherenkov radiation generated by beta particles to detect radionuclides in vegetation collected around the Fukushima Daiichi Nuclear Power Plant. Table 1 lists the characteristics of major beta-emitting nuclides released from the power plant as well as those of 40 K, a naturally occurring radionuclide with a long half-life [28] . The Cherenkov spectra of selected representative radionuclides are shown in Fig. 1 . The width of each spectrum peak increases with increased beta energy, and Sr and 134 Cs were derived from similar beta energy profiles. Thus, it is reasonable to suggest that the spectra of 137 Cs and 89 Sr resemble those of 90 Sr and 40 K, respectively. In addition, the Cherenkov spectra obtained in this study support the purity of focal radionuclides as well as the need for further purification of samples.
When the same amount of radioactivity is spiked to two measurement samples, the increase in counting rate is expected to be the same for each unless the effect of quenching in measurement occurs. We have investigated the contribution of quenching by the addition of 90 Y solution of 0.2 mL in 0.1 M HNO 3 to the each original measurement sample where 90 Y was in radioactive equilibrium and in 10 mL of approximately 2 M HNO 3 . While this treatment changed the total volume and the resulting acid concentration of the measurement samples, these changes produced no effect to the net CPM, as shown in the following results. Figure 2 shows the effect of sample solution volume on net CPM where the value of the net CPM is normalized to the result for the volume of 10 mL, and exhibits good agreement between sample solutions of volume 5-18 mL. Figure 3 shows the effect of sample acid concentration on net CPM, where the value of the net CPM is normalized to the result for the concentration of 2 M HNO 3 , and exhibits good agreement between HNO 3 concentrations ranging from 0.3 to 5.4 M. These results suggest that the net CPM of 90 Sr of 10 mL in 2 M HNO 3 will not change by addition of water or nitric acid at most a few mL, which validates the spike method used to correct for quenching. Figure 4 shows that the increase in the net CPM of four environmental samples spiked with 90 purified from environmental samples was equal to that of standard 90 Sr solution. The purification of strontium adequately removed impurities and quenching from the environmental samples and therefore the radioactivity in the samples can be evaluated without the need for quench correction. Figure 5 shows that the spectrum peak area for 90 Sr changed with the increase of 90 Y in samples through time. Although the total radioactivity of the sample increased to twice the initial value at full 90 Y saturation, the peak area was much larger than twice the initial value at full 90 Y saturation. This result suggests the presence of different measurement coefficients between 90 Sr and 90 Y. Table 2 Table 3 , where the detection limit of net CPM is 5, which was evaluated with Curie's equation [29] , and correspondingly 0.14 Bq from the measurement coefficient. Although both leaf samples show negligible radioactivity, both bark samples show the Sr, a, using the values in Table 2 J Radioanal Nucl Chem (2015) 303: 39-46 43 increase in net CPM with aging time. The increase in net CPM with aging provided the radioactivity of 90 Sr, which was analyzed by the regression analysis and can be viewed in Fig. 7 . Cs changing with time after the accident provides the migration tendency of both radionuclides in the environment. The radioactivity levels for all leaf samples collected from plants 3 km north of the power plant were below the detection limit. The radioactivity levels for 137 Cs in all samples were significant, with particularly high levels in bark samples (up to 173 Bq/g dry weight). The radioactivity ratios for the bark samples were 4.2 9 10 -3 (north) and 1.2 9 10 -2 (south), indicating that the fraction of 90 Sr to total radioactivity levels was one hundredth or less. Table 5 compares radioactivity levels of 90 Sr and 137 Cs in soil collected near the power plant before and after the nuclear accident from a previously published report [23] . The different release rates of 90 Sr and 137 Cs from the nuclear reactors caused the radioactivity of 137 Cs to increase to more than one hundred times to the preaccident level while the radioactivity of 90 Sr increased to only several times the pre-accident level, and accordingly the radioactivity ratios decreased from 0.17 to 8.1 9 10 -4 and 4.8 9 10 -3 . The radioactivity of bark and soil samples collected in the vicinity of the nuclear power plants showed a larger degree of contamination in the south area and a larger isotropic release of 90 Sr compared to 137 Cs because between the north and south area there was difference in one order in radioactivity of 137 Cs while the order of radioactivity 90 Sr was the same between the north and south area. The radioactivity ratios of 90 Sr to 137 Cs in the bark samples were at least 2.4 times those of the soil samples. The radioactivity ratio in soil and bark samples would be the same value immediately after the accident due to the same contamination history at each location where the samples were collected. However, the radioactivity ratio of soil and bark samples, collected 4 and 26 months after the accident, respectively, were different from each other, showing the different migration rate of 90 Sr and 137 Cs. The increase in the radioactivity ratio in bark samples can be ascribed to the accumulation of 90 Sr to bark or the diffusion of 137 Cs from bark. The accumulation of 90 Sr through root uptake is negligible because the migration rate of 90 Sr in soil is reported to be 0.2-1.0 cm/year [30] [31] [32] . The rapid translocation of 137 Cs from bark into the wood was observed in Fukushima forest [33] . This increase in the radioactivity ratio in bark samples with time shows slower migration of 90 Sr than 137 Cs in bark and tree. The effect of different migration would be expected to cause 90 Sr were used to evaluate the measurement coefficient of Cherenkov counting and to verify the determination without any quench correction. The radioactivity of both radionuclides in the bark samples was larger than that in the leaf samples. The slower migration rate of 90 Sr compared to 137 Cs was shown by comparison to the radioactivity ratios of both radionuclides in soil samples collected in July 2011. The rough tendency of the migration in trees is shown; however, further analysis is required for the discussion of the migration of 90 Sr in the environment.
